Background: Conventional agriculture relies on chemical pesticides and fertilizers, which can degrade ecosystems. A reduction of these harmful practices is required, replacing (or integrating) them with more eco-friendly approaches, such as microbial inoculation. Tomato is an important agricultural product, with a high content of bioactive compounds (folate, ascorbate, polyphenols, and carotenoids). The focus of this research was to investigate the plant growth-promoting (PGP) abilities of bacterial strains isolated from different tomato cultivars, with the aim to develop systems to improve plant health and crop productivity based on microbial inoculation.
Background
Feeding an increasing number of people is one of the major challenges of the twenty-first century [1, 2] . Established strategies to enhance crop productivity are the use of chemical fertilizers, manures, and pesticides. However, these approaches often have a negative impact on the environment: leaching of nitrate into groundwater, surface run-off of phosphorus and nitrogen, and eutrophication of aquatic ecosystems [3] . The growing interest in environmental sustainability has led to considerable efforts to minimize the use of chemical fertilizers and pesticides, replacing (or integrating) these conventional approaches with more eco-friendly methods, such as the application of beneficial microorganisms [4] [5] [6] . Plants form mutually beneficial associations with microbes [7] . These associations play essential roles in agricultural and food safety, and contribute to the environmental equilibrium [8] . A clear distinction should Open Access *Correspondence: g.r.abbamondi@icb.cnr.itbe drawn between bacteria residing in the rhizosphere or phyllosphere (the aerial habitat influenced by plants) and bacteria living inside the plant, the so-called endophytes. Endophytic bacteria reside in specific tissues of the plant (such as root cortex or xylem) and develop a close association with the plant, with exchange of nutrients, enzymes (lipase, catalase, oxidase, etc.), functional agents (siderophores, biosurfactants, etc.), and also "signals" [9, 10] . Endophytes colonize their plant host tissues in which they persist without exerting the negative effects of a pathogen (disruption of respiration, photosynthesis, translocation of nutrients, transpiration, etc.). On the contrary, the presence of these endophytic bacteria in the host plant leads to beneficial effects on its health and/or growth. Plant growth-promoting bacteria promote plant health and growth via three mechanisms: phytostimulation, biofertilization, and biocontrol [11] .
Phytostimulators enhance plant growth in a direct way, usually by the production of phytohormones (auxins, cytokinins, gibberellins) [12] . The production of plant hormones such as indole-3-acetic acid (IAA) is classified as "direct" promotion. The synthesis of 1-aminocyclopropane-1-carboxylate (ACC) deaminase can be included in the same group: ACC deaminase cleaves ACC, the immediate precursor of ethylene, and thereby reduces its biosynthesis; ethylene inhibits growth of roots and shoots; therefore lower levels of this plant hormone lead to plant growth promotion.
Biofertilizing strains can fix nitrogen or increase the availability of phosphorus and iron.
Biocontrol agents protect plants from infections by phytopathogens (through competition for nutrients, induced systemic resistance, production of antimicrobial secondary metabolites). Siderophore production is considered an indirect biocontrol trait; iron chelation limits the amount of trace metals available to potential plant pathogens [13] .
Tomato represents one of the most important agricultural products. It can be consumed not only as raw fruit, but also transformed by industrial processes (pulped, canned, incorporated in sauce). It is known to be rich in several bioactive compounds (folate, ascorbate, polyphenols, carotenoids) [14] [15] [16] .
Recent studies underline the importance of the microbial metabolism and host interaction for growth, quality, and health of edible and medicinal plants [17] [18] [19] . The bacterial community composition of tomato plants and the influence of inoculation of rhizobacteria on plant health is also a topic of increasing scientific interest [20] [21] [22] [23] . A recent study showed that Trichoderma-enriched biofertilizer enhances production and nutritional quality of tomato and minimizes NPK fertilizer use [24] . However, the unraveling of the correlation between the in vitro detection of Plant Growth-Promoting (PGP) traits in bacterial isolates and a real contribution to the host plant health in vivo is still lacking. Moreover, in this study we not only investigated the PGP characteristics of bacteria isolated from roots of tomato cultivars already available on the market, but we also focused on new tomato hybrids of industrial interest. These new tomato hybrids, both fresh fruits and transformed products, could have a high potential for the agro-food industry because of their nutritional quality (high content of biologically active compounds) [14] [15] [16] . A screening of PGP traits of the isolates was performed to detect ACC deaminase, organic acids (OA), indole acetic acid (IAA), and siderophore (SID) production. The effects of microbial inoculation on root development were evaluated using a standardized test system with Arabidopsis thaliana grown on Vertical Agar Plates (VAPs).
Methods

Isolation of bacteria from different tomato cultivars and new tomato hybrids
Isolation of bacteria from the rhizosphere
In 2012, eleven bacterial strains, colonizing the rhizosphere of tomato plants, were collected from an experimental field situated in the Campania Region (southern Italy). The soil had originated from limestone and tuff which have been covered with a thick layer of volcanic material. High levels of oxygen and organic matter and a high availability of potassium contribute to the high fertility of the soil (see Additional file 1). Tomato roots were sampled at the late stage of maturation, placed in 50 mL tube with sterile phosphate-buffered saline (PBS; NaH 2 ; pH 7.4), and stored at 4 °C until isolation. Samples were rinsed several times in PBS in order to remove adhering soil particles. Root cuttings were rubbed against a sterile 200-µm nylon mesh to retain roots particles and large cell debris. A sucrose solution (9 ml; 4 % w/v) was added to the filtrates obtained from 1 g of roots. Serial 10-fold dilutions of the suspensions in the same sucrose solution were prepared, and 100 µl aliquots were spread on modified Luria-Bertani (LB) plates containing 4 g L . After 7 days incubation at 30 °C, single colonies were selected and further purified on the basis of morphological differences. Subsequently, all strains were grown aerobically in modified Luria-Bertani (LB) medium (NaCl 0.4 % w/v).
Isolation of endophytic bacteria from roots
In 2013, 12 strains were isolated from tomato plant roots from the above-mentioned experimental field, but this time a specific protocol was applied to isolate endophytic bacteria. Fresh roots were collected in sterile 50 ml Falcon tubes with 25 ml P-buffer (per L: 6.33 g of NaH 2 PO 4 ·H 2 O; 16.5 g of Na 2 HPO 4 ·7H 2 O; 200 µl Tween 40). Samples were washed several times with P-buffer until the roots were free of all attached soil particles; then distilled H 2 O was used to remove foam (Tween 40). Sterilization was performed using a 5 % sodium hypochlorite solution for 5 min, and then the roots were rinsed 5 times in sufficient volumes of new sterile water. After rinsing, the samples were cut in smaller fragments with a sterile razor blade and crushed with sterile mortar and pestle in sterile 10 mM MgSO 4 -solution (1 g roots in 10 ml). Serial 10-fold dilutions of the suspensions were prepared, and 100 µl aliquots were streaked on Luria-Bertani (LB) plates. To verify the surface sterility of the roots, 100 µl of the last rinsing water was plated on LB medium.
Bacterial strain and growth media
The eleven rhizospheric strains and the twelve root endophytic strains were grown aerobically at 30 °C while shaking (120 rpm) in modified (NaCl 0.4 % w/v) and standard (NaCl 1.0 % w/v) Luria-Bertani (LB) medium, respectively. The pH of medium was 7.0-7.2. Inocula for the assays to detect plant growth-promoting (PGP) traits were prepared as described below. 10 µl of the glycerolstocked bacterial isolates stored at −80 °C were grown in 96-well plates containing 1 mL of liquid LB medium for 48 h at 30 °C with shaking. The cultures were centrifuged at 4000 rpm for 20 min at room temperature and then the supernatant was discharged. Cell pellets were washed twice with 1 mL of 10 mM MgSO 4 and re-suspended in 650 µL of MgSO 4 .
Genotypical analysis of the isolates
Genomic DNA of isolated bacteria was extracted using the DNeasy ® 96 Blood and Tissue Kit (Qiagen). The qualitative and quantitative analysis of the extracted DNA was performed using the Nanodrop ND-1000 Spectrophotometer (Isogen Life Sciences). An aliquot (1 µl) of the extracted DNA of each bacterial strain was used in a PCR reaction without further purification to amplify a fragment of the 16S ribosomal DNA coding region. Two primers, the universal 1392R (5′-ACGGGCGG TGTGTGTRC-3′) and the bacteria-specific 27F (5′-AGAGTTTGATCMTGGCTCAG-3′), were used for the amplification. PCR products were sequenced by Macrogen Europe (Amsterdam, The Netherlands). Sequencing data were processed using the DNATools application developed by Sam Achten and Lenny Jorissen (Hasselt University). The Smith-Waterman algorithm was chosen for local sequence alignment and the consensus was obtained by comparing the quality of bases. The obtained sequences were compared with reference strains in the National Center for Biotechnology Information (NCBI) database.
Plant growth-promoting (PGP) traits of selected bacterial isolates ACC-deaminase activity
Bacterial isolates with the ability to produce ACC deaminase were identified according to the method developed by Belimov et al. (2005) that was slightly modified [25, 26] . 250 µl of each last bacterial suspension in 10 mM MgSO 4 (see Bacterial strain and growth media) was added to 1.2 mL of salts minimal medium (SMN) containing 5 mM ACC as a sole source of N. The cultures were incubated at 30 °C for 72 h with shaking (150 rpm), then harvested by centrifugation at 4000 rpm for 20 min at room temperature. The supernatant was discharged and the pellets were re-suspended in 100 µl of 0.1 M Tris-HCl buffer (pH = 8.5); cells were disrupted by the addition of 3 µl toluene followed by vigorous vortexing for 10 min. Subsequently, 10 µL of 0.5 M ACC and 100 µL of 0.1 M Tris-HCl buffer (pH = 8.5) were added and followed by shaking for 10 min. The microplates were incubated for 30 min at 30 °C with shaking (150 rpm). Then, 690 µl of 0.56 N HCl and 150 µl of 0.2 % 2, 4-dinitrophenylhydrazine reagent (in 2 N HCl) were added to the cell suspensions. The plates were kept at 30 °C for 30 min, supplemented with 1 ml of 2 N NaOH. Well plates without ACC were used as negative controls. The change of color from yellow to brown was considered as positive.
IAA production
The ability of the strains to produce indole acetic acid (IAA) was tested using the method of Gordon and Weber (1951) slightly modified [27, 28] . Briefly, 50 µl of each last bacterial suspension in 10 mM MgSO 4 (see Bacterial strain and growth media) was inoculated in 96-well plates containing 1 mL 1/10 diluted 869-rich medium complemented with 50 mg mL −1 tryptophan and incubated at 30 °C for 4 days at 150 rpm in the dark. Afterward, bacterial cultures were centrifuged at 4000 rpm for 20 min, and 0.5 mL of the supernatant was added to 1 mL of Salkowski reagent (98 mL 35 % HClO 4 , 2 mL 0.5 M FeCl 3 ) and gently vortexed. After 20 min, the development of a pink color was considered as positive (bacteria producing IAA).
Organic acids production
For the identification of the strains able to produce various organic acids, a protocol developed by Cunningham and Kuiack [29] . After 15 min, the color change of the alizarine red pH indicator from red (pH > 6) to yellow (pH ~ 5 or below) was considered as positive.
Siderophore production
The ability of the isolates to produce siderophores was evaluated through a qualitative test in liquid 284 medium (that stimulates siderophore production) with chrome azurol S (CAS) shuttle solution [30] . Briefly, 50 µl of each last bacterial suspension in 10 mM MgSO 4 (see Bacterial strain and growth media) was inoculated in 96-well plates containing 800 µl of 284 medium prepared at three different iron concentrations: without iron, with 0.25 µM, and 3 µM Fe(III) citrate. The microplates were incubated at 30 °C at 150 rpm for 5 days. After incubation, 100 µl of the blue ChromiumAzurol S (CAS) reagent was added. Plates were kept at room temperature for 4 h, and the change of color from blue to orange/yellow was considered as positive.
Evaluation of the effects of microbial inoculation on root growth
A Vertical Agar Plate (VAP) assay was performed to evaluate the effects of microbial inoculation on root development of A. thaliana seedlings [31, 32] .
Growth medium and growth conditions
The basic medium was based on a 50-fold dilution of Gamborg's B5 medium and contained KNO 3 0. 5 sucrose. A. thaliana seeds were surface sterilized for 1 min in 0.1 % Cl-solution, followed by five washes with sterile deionized water. The seeds were rinsed 4 times for 5 min in a larger volume of sterile deionized water and then dried in a laminar air flow. Sterilized seeds were stored for 3 days at 4 °C in the dark, then transferred with a sterile toothpick onto 12 × 12 cm transparent plates containing 40 mL of solid medium (1 % agar nr. 4 for plant tissue culture) complemented with sucrose. Plates were incubated vertically in a growth chamber at 22 °C, with a 16-h light/8-h dark regime and a light intensity of 150 µmol m −2 s −1
. After 6 days, plantlets growing on the surface of the agar were transferred to fresh growth media.
Vertical Agar Plate (VAP) assay
In order to estimate the effects of bacterial inoculation on root growth, a Vertical Agar Plate (VAP) assay was performed. 5 ml of 48 h culture of each strain was centrifuged (4000 rpm, 15 min) and brought to OD 660 = 0.5 using 10 mM MgSO 4 ·7H 2 O, then 400 µl of this inoculum was transferred to fresh growth medium and equally distributed over the surface of the plate. For the "control, " 400 µl 10 mM MgSO 4 ·7H 2 O was used.
Arabidopsis thaliana seedlings were prepared as described previously and transferred to the VAPs (five plants per plate, in triplicate). Plates were incubated vertically in a growth chamber at 22 °C, with a 16-h light/8-h dark regime and a light intensity of 150 µmol m −2 s −1
.
Analysis of root growth
Root growth in the vertical agar plates was monitored daily for 8 days, and the plates were then scanned at 300 dpi (Canon CanoScan 4400F). Primary root length and total lateral root length were calculated after analysis of scanned images using the RootNav image analysis tool (University of Nottingham) [33] . 2D pictures of the roots were also created with the same software in order to graphically compare the root system architectures. Root hair visibility of scanned images was improved using the GNU Image Manipulation Program (GIMP).
Statistical analysis
All statistical analyses were performed using the 3.1.1 version of R (The R Foundation for Statistical Computing, Vienna, Austria). Since for all the data groups considered, normality and homoscedasticity assumptions were met, parametric tests were used in all analyses. Student's t test was used for comparing two averages, while ANOVA with post hoc Tukey's Honest Significant Difference correction for multiple correction was applied when considering more than two averages.
Results
Genotypic characterization
After the isolation, all morphologically different bacteria were purified, but only 2/3 of the strains showed to be cultivable in the subsequent steps; hence, 16S rDNAbased identification was performed on 15 strains (6 rhizospheric and 9 endophytic strains). Among the 15 strains that were genotypically characterized, five belong to the genus Agrobacterium, and others to the genera Microbacterium (2), Bacillus (2), Rhizobium (2), Ensifer (1), Chryseobacterium (1), Pseudomonas (1), and Rhodococcus (1) ( Table 1) .
Screening of the plant growth-promoting (PGP) traits
All isolates were tested for their in vitro putative PGP traits. Specific tests were performed in order to detect ACC deaminase, organic acids (OA), indole acetic acid (IAA), and siderophore (SID) production. Results indicate a high percentage of strains showing PGP traits; in particular, 73 % were able to produce organic acids (OA), 89 % IAA, 83 % ACC deaminase, and 87 % siderophores (Table 2) .
It is remarkable that for most root endophytes siderophore production was detected. Also among the rhizosphere strains a high percentage of siderophore producers was found; in fact, only the two strains belonging to genus Microbacterium tested negative for this feature.
For the other traits that were investigated (ACC deaminase, organic acids (OA), and indole acetic acid (IAA) production) also high percentages of positives were detected. All the isolates showed capability to exhibit at least one of the three PGP traits, and most of the strains tested positive for at least two of the three traits. Agrobacterium strains tested positive for all features.
Vertical Agar Plate (VAP) assay
After inoculation of most of the strains, the length of the main root was comparable to the control (not inoculated seedlings) or even shorter (Table 3, Similar results were observed for the lateral roots; in general, the total lateral root length of inoculated plants was lower than that of the control plants (not inoculated seedlings), in some cases comparable to it (Table 4) . More specifically, the total lateral root lengths of seedlings
Table 1 Tomato cultivars-genotypic characterization
Genotypic characterization of cultivable strains isolated from tomato roots (6 rhizospheric strains, 9 root endophytes). n.p. not performed, due to cultivation problems with standard media (LB with standard NaCl concentration and modified, NaCl 0.4 % w/v) Sample no. The most striking effects of bacterial inoculation on root development were strong increase in root hairs formation for most of the inoculated seedlings. Increases of root hairs formation were observed for plants inoculated with the rhizospheric strains 5, 6, Ensifer sp. (number 1) and Chryseobacterium sp. (number 3), and for all seedlings inoculated with endophytes (Fig. 1) .
Genotypic characterization Cultivar
Phylum Family Genus
Discussion
In this study, we report the isolation of a total of 23 strains from the roots of tomato plants. In particular, 11 strains were isolated from the rhizosphere of 4 tomato cultivars (commercial names: Plus Licopene, San Marzano giallo, Indigo Perù, and Super San Marzano), while 12 endophytes were isolated from 3 different cultivars (San Marzano, Black Tomato, and a new hybrid created by cross-pollination between these two species).
The highest efficiencies (in terms of root hair development and OA, IAA, ACC deaminase, and siderophore production) were registered for endophytic strains. In comparison to the rhizospheric ones, endophytes interact more closely with their host because of their localization in the plant tissues [34] . Such a close link leads to highly evolved mutualistic interactions, from which both plants and bacteria benefit. Endophytes represent a rich source of bioactive compounds that can positively influence plant growth through a number of different mechanisms [35] . Moreover, bacterial endophytes are competing with phytopathogens due to the fact that they colonize the same ecological niches; due to this, they often develop abilities that protect plants from infections (biocontrol agents) [36] . For these reasons, we expected to find higher efficiency in terms of PGP traits for endophytes compared to the strains isolated from the tomato rhizosphere.
This difference between the rhizosphere strains and the endophytes was also highlighted by the statistical Table 2 Plant growth-promoting traits-siderophore production ability a Plant growth-promoting (PGP) traits of selected bacterial isolates: ACC deaminase (ACC), organic acids (OA), and Indole acetic acid (IAA) production. n.p. not performed, due to cultivation problems with standard media (LB with standard NaCl concentration and modified, NaCl 0.4 % w/v) b Evaluation of siderophore (Sid) production ability of selected bacterial isolates. Evaluation of the positivity to the tests, from negative (−) to the highest activity (+++): −, ±, +, ++, +++ This dissimilarity between rhizosphere strains and endophytes in general was once more retrieved in the form of a statistically significant difference between rhizosphere strains and endophytes in general for their effects on lateral root length (p value = 0.0001), although this was not observed for primary root length (p value = 0.8). This discrepancy between lateral and primary root length suggests a significant interaction between parameter (primary or lateral root length) and bacterial origin (endosphere or rhizosphere), which was confirmed by an ANOVA.
The obtained results also suggest a causal relationship between indole acetic acid (IAA) production capacity and the stimulation of root hair development in A. thaliana. IAA is the most studied auxin; in fact, auxin and IAA are often used as interchangeable terms [37] . It was suggested that the quantity of IAA produced by Sphingomonas sp. (11.23 ± 0. 93 μM/ml), an endophyte isolated from the leaves of Tephrosia apollinea, should be linked to the increases of surface area and root length, the loss of cell wall and the release of exudates in tomato (Solanum lycopersicum L.) plants [38] . It is known that root hair initiation and elongation are among the best characterized auxin-associated phenotypes [39] [40] [41] . High levels of IAA promote the formation of lateral roots and induce a decrease in primary root length and increases in root hair development [42] . In our work, all isolates that increased root hair development in A. thaliana in the VAP assay, also showed positive results in the IAA production test. Based on this, we may speculate that, for the investigated strains, IAA synthesis plays an essential role in the regulation of this PGP trait.
Conclusions
The improved capacity to acquire nutrients and water due to the increase of the surface area of the plant's root system induced by inoculation of most of the isolates, makes them potentially exploitable to enhance crop [43] , and therefore further investigations are needed to assess if the strains that we isolated from the different tomato cultivars effectively induce beneficial effects in vivo in tomato and also in other plant species.
Moreover, important processes of many beneficial rhizosphere-colonizing microorganisms, including some PGP traits (i.e., siderophore production), are regulated by Quorum Sensing (QS) [44] . QS is the mechanism that describes the coordinated gene expression that microbial communities show at high cell density [45] . Further analyses are in progress to investigate QS activity in the isolated strains.
